We study the partitioning of cosolute particles in a thin film of a semi-flexible polymer network by a combination of coarse-grained (implicit-solvent) stochastic dynamics simulations and meanfield theory. We focus on a wide range of solvent qualities and cosolute-network interactions for selected polymer flexibilities. Our investigated ensemble (isothermal-isobaric) allows the network to undergo a volume transition from extended to collapsed state while the cosolutes can distribute in bulk and network, correspondingly. We find a rich topology of equilibrium states of the network and transitions between them, qualitatively depending on solvent quality, polymer flexibility, and cosolute-network interactions. In particular, we find a novel 'cosolute-induced' collapsed state, where strongly attractive cosolutes bridge network monomers albeit the latter interact mutually repulsive. Finally, the cosolutes' global partitioning 'landscape', computed as a function of solvent quality and cosolute-network interactions, exhibits very different topologies depending on polymer flexibility. The simulation results are supported by theoretical predictions obtained with a twocomponent mean-field approximation for the Helmholtz free energy that considers the chain elasticity and the particle interactions in terms of a virial expansion. Our findings have implications on the interpretation of transport processes and permeability in hydrogel films, as realized in filtration or macromolecular carrier systems.
I. INTRODUCTION
Polymer networks such as microgels or hydrogels are integral components of modern soft functional material design. Important applications revolve around filtration, macromolecular carrier particles, functional coatings, sensors, and nanoreactors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In all these systems the uptake, storage, and release of active agents and cosolutes (e.g., reactants, pollutants, ligands, drugs) are decisive processes, which have to be controlled and programmed to the material. The gels in these applications often form film-like layers [11, 12] , shells, and membranes that modulate the permeation [13, 14] and separation of the cosolutes by their wide range of controllable physicochemical behavior. A fundamental property describing the permeation and sorption of cosolutes to polymer networks on the most global level is the partitioning
which is a ratio of cosolute concentrations inside and outside (in the bulk reservoir) of the gel [15] . Equilibrium partitioning is one of the two key ingredients to the permeability of hydrogels that eventually defines the degree of mass transport through the networks [16] [17] [18] . One notable physical property that distinguishes gels from ordinary polymeric solutions is the additional * wonkyu.kim@helmholtz-berlin.de † joachim.dzubiella@helmholtz-berlin.de inter-connectivity that cross-links individual polymer molecules. This higher level complexity yields an intriguing nature of the material that is liquid-like and also solid-like [19] , which renders a well known transition phenomenon: Most hydrogels undergo a sharp reversible structural transition from swollen states to collapsed states [20] [21] [22] [23] [24] [25] [26] . This volume transition is a reversible function of the temperature [12, 27] , or more general, solvent quality, but can also be triggered for some polymers by several environmental stimuli, such as pH, salinity [4] , and, importantly in our context, the addition of co-solvents or co-solutes [28] [29] [30] [31] . The responsiveness close to the volume transition enables a facilitated control of the gel structure and permeability, eventually bearing a number of applications in the realm of so-called stimuli-responsive, 'smart' polymer materials [4, 32] .
Hence, many relevant and intertwined phenomena come into play for the partitioning of cosolutes into gels, such as network topology and heterogeneity, size exclusion, as well as attractive interactions such as van der Waals, hydrophobic and electrostatic interactions, strongly depending on the chemical nature of polymers, solvents, and cosolutes [33] [34] [35] [36] [37] . In responsive polymer materials, as referenced above, the presence and adsorption of cosolutes can lead to swelling or shrinking or even induce a volume transition of the network. Hence, in general the detailed mechanisms of partitioning in polymer networks can be expected to be utterly complex as they result from a subtle interplay of non-bonded interactions, network constraints, comformations, and their transitions on multiple scales. Therefore, little is known yet about the quantitative behavior of cosolute partitioning that can be raised during the swelling-collapse transition of the gels in contact with a reservoir of the cosolutes, despite the elaborate development of theories [19, [38] [39] [40] and simulations [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] for pure gel systems (no cosolutes included) over the past decades. Noteworthy exceptions are recent simulation works that study cosolute permeation of hollow nanogels [58] or the non-specific effects of charged solutes (mostly salt) and their electrostatic couplings in polyelectrolyte network gels [46-50, 52-57, 59, 60] .
In this work, we build a minimalistic model system to study the partitioning of cosolute particles in a thin film of a semi-flexible polymer network by a combination of coarse-grained stochastic dynamics simulations and mean-field theory. We perform a systematic study focusing on effects of varying solvent qualities (from good to bad), specific cosolute-network interactions (from repulsive to highly attractive) as well as polymer flexibilities. We work in an isothermal-isobaric ensemble in order to include also the effects of network swelling, shrinking, and the volume transition, coupled to the equilibrium partitioning of the cosolutes from a reservoir. To start as simple as possible, we construct a coarse-grained gel consisting of a regular cubic network [44, 45, [61] [62] [63] [64] of flexible or semi-flexible chains in the presence of cosolutes which are simply of monomer size, and we employ inter-and intra-particle interactions in terms of the generic Lennard-Jones (LJ) pair potentials, which can be easily tuned from repulsion to high attraction. Despite the minimalistic features of our model, we find very rich structural and partitioning topologies, which we summarize in state-diagrams in the solvent-quality-interaction space. A large influence of polymer flexibility, in terms of the gel volume response, transition order and sharpness, on the partitioning is observed. Our mean-field theory is fully consistent with the simulations and provides a theoretical interpretation of the complex coupled partitioning and network volume (transition) behavior.
II. METHODS

A. Simulation model
In our simulation model we consider a film of a cubic polymer network in implicit solvent and explicit cosolutes, where monomers, linkers, and cosolutes are represented by simple beads. For the polymers we employ a bead-spring model with the intra-chain Hamiltonian (in units of thermal energy, k B T ≡ 1/β) as
The first term is the harmonic bond potential with respect to the segmental bond distance r i,i+1 = |r i+1 − r i |, with the spring constant k s = 80 k B T /σ 2 and the equilibrium bond length σ. The latter sets the length scale of our system. The second term is a harmonic bending potential with respect to the internal angle θ i−1,i,i+1 of two adjacent segmental vectors r i+1 − r i and r i − r i−1 , with a rigidity constant k b . This potential we use to tune the network flexibility. Here, we choose the equilibrium angle θ 0 = 180
• [47, 50] to avoid additional complexity of introducing torsional potentials. With k b we can interpolate between flexible chains, k b = 0, to semi-flexible ones with k b in the range of several k B T , and finally very stiff networks for k b k B T . For the cross-links we define cross-linking beads that are bonded analogously as described in eq (2) but in three perpendicular directions in order to establish a regular cubic network in 3D. Hence, a cross-linking bead has six neighbors, unless it is a surface bead in the thin film having only five neighbors. We do not consider an angular potential involving the crosslinkers [47] .
In addition to the intra-bead potentials, all network beads and cosolute particles are subject to the LennardJones (LJ) potential:
where σ ij is the interaction size, and the parameter ij (in units of k B T ) is the interaction energy parameter for i, j = n, c, that is, network and cosolute particles, respectively. For network monomers, i, j = n, we also refer to it nn as the solvent quality parameter as it tunes from a perfect ideal polymer behavior ( nn = 0) to a good solvent (0 < β nn < 0.3), passing the θ-solvent (β nn = 0.3, where the second virial coefficient for the LJ interaction vanishes) to a bad solvent (β nn > 0.3) [30, 58] . The parameter nc refers to the cosolute coupling to the polymers, which also will be tuned from the ideal behavior to very attractive interactions. Furthermore, we fix the cosolute-cosolute interaction to a generic value cc = 0.1 k B T , that ensures simple repulsion between the cosolute particles and avoids unwanted aggregation between them. For simplicity we keep σ ij ≡ σ for all the beads. The thin film of a cubic network is initially located in the middle of the simulation box in a stretched form, periodically repeated in x-and y-directions, while in zdirection it is finite and in touch with a finite reservoir (see Figure 1 and Figure S1 in SI). The network film consists of 6 layers (in the xy plane) of 5×5 crosslinker beads, where every cross-linker is connected linearly by 4 beads so that the inter-cross-linker length (contour length) is l = 5σ. With that, there are 425 chains and 150 cross-linkers with total network particle number N n = 1850, and the fraction of the cross-linker beads yields 8.1%. We perform simulations spanning a wide range of the rigidity constant, k b , and the interaction parameters, ij , and investigate how the system (with or without cosolutes) is affected by these parameters. In the systems including cosolutes we add N c = 576 cosolute particles, amounting to an initial concentration of c c ≈ 0.012σ −3 . The resulting packing fraction is φ c = πσ 3 c c /6 ≈ 0.0064. We thus work in the high dilution limit of cosolutes in the reservoirs.
B. Simulation protocol
We employ the LAMMPS software [65] with the stochastic Langevin integrator in an anisotropic N pT ensemble. The iteration time step δτ = 10 −3 τ defines the time unit τ = mσ 2 /k B T . The friction coefficient γ is chosen to have the momentum relaxation time τ γ = m/γ = τ , so that the free cosolute motion becomes diffusive after 10 3 time steps. To maintain fixed pressure we use the Berendsen anisotropic barostat [66] . The pressure relaxation time is also chosen to be τ p = τ . The simulation box is initially set to have the lengths L x = L y = 25σ and the longitudinal length L z = 75σ, with periodic boundary conditions in all three Cartesian directions. The long box length L z is kept fixed, while L x and L y vary according to N pT ensembles with given particle number N = N n + N c = 2426, pressure p x = p y = p, and temperature T . In that way, the hydrogel is allowed to self-consistently sample its equilibrium volume and aspect ratio, given the prescribed interactions. As the hydrogel is connected to a (finite) reservoir of cosolutes, the cosolutes can always equilibrate their partitioning between the reservoir and the gel. The value of the lateral pressure is chosen to be p = 6.5853 × 10 −4 k B T /σ 3 ≈ 1 bar. The simulations are typically run up to 4 × 10 6 δτ = 4000τ and we analyze the data in the last 20% of the production runs.
As a first illustration, Figure 1 shows snapshots of three representative equilibrium states of the network film conformations. When the network chains are sufficiently stiff and the network monomers are essentially repulsive ( nn = 0.1 k B T ), as shown in Figure 1 (a), the network structure is in a swollen state, i.e., in a good solvent. On the other hand, the swollen state is disfavored by large attractions between the network monomers, that eventually result in a collapsed state as shown in Figure 1(c) , i.e., in a bad solvent. Figure 1(b) shows a semi-flexible network system close to its collapse transition point.
C. Models of flexible and semi-flexible networks
In most of the paper, we will focus on two network types that we coin 'flexible' and 'semi-flexible' and shall relate (as far as our minimal model allows) to representative polymers that are widely used in experiments. The first polymer could be based on a simple low-molecular mass monomer like ethylene glycol. It is known that the persistence length l p of a polyethylene glycol (PEG) chain is l p ≈ 0.38 nm [67, 68] . In our coarse-grained chain model this would correspond roughly to a bead (monomer) size σ. Therefore, we focus on the limiting k b = 0 case for our model flexible net- work. The second one could be a higher-molecular weight polymer such as poly(N-isopropylacrylamide) (PNIPAM) or poly(methylmethacrylate) with more steric restraints and therefore stiffer conformations, leading to l p values in the nanometer range [69] [70] [71] [72] . Given our intra-bond Hamiltonian eq (2), the bending energy of our model polymers can be expressed by the persistence length l p in the limit of small bending via [73] [74] [75] 
The bending rigidity of k b = 3 k B T , for example, yields the persistence length l p ≈ 2 nm, right in the reported range for PNIPAM. Hence, in the bulk part of our analysis we focus on two cases we define as flexible and semiflexible networks with chosen rigidity constants k b = 0 and k b = 3 k B T , respectively.
D. Two-component (network-cosolute) mean-field theory
With the purpose of establishing a firm theoretical model that mimics the simulation conditions and is able to explain the cosolute effects on the polymer network states, we develop a mean-field theory for a closed (canonical) system that contains the polymer gel (formed by interconnected and cross-linked monomeric units and cosolutes) and the bulk reservoir (with only cosolutes). Therefore, the total number of cosolutes
and the number of monomers in the gel phase N n are both fixed quantities. The total Helmholtz free energy of such system can be written as F = F network + F bulk . The model essentially combines standard ideas from elastic polymer and network models [76] , extended to include semi-flexibility via the worm-like chain approach [77, 78] and multi-component interactions on the virial expansion level [30] . Within these approximations, the free energy of the two-component network plus cosolute system is split into five different contributions:
The first contribution, F ela , corresponds to the elastic free energy of the network. For semi-flexible and inextensible polymer chains, it can be approximated using the wormlike chain model as [77, 78] 
where R is the average end-to-end distance of the polymer chains between two cross-linkers, l = N m σ is the contour length (N m is the number of monomers per chain), and N ch is the number of chains of the network. In the limit of full stretching (R → l) the elastic free energy diverges, as expected for inextensible chains. In the limit of small persistence length and weak stretch (R l), this model tends to βF ela ≈ const. + πNmσlp , and for l p = 4σ/(3π) the Gaussian flexible chain is recovered. The second contribution in eq (5), F conf , represents the (entropic) free energy of confinement that arises for highly collapsed states (R → 0). It can be written as [79] 
where C is a phenomenological normalization constant that depends on the network stiffness. This constant takes into account the fact that collapsing a stiff chain always implies a larger free energy than shrinking a flexible (Gaussian) chain. The third contribution is the ideal free energy of the cosolutes,
where Λ c is the thermal wavelength of the cosolute particles, V n is the volume of the network, and c in c = N in c /V n is the number density of cosolutes inside the network. The fourth contribution is the hard sphere contribution, which takes into account the excluded-volume of the particles and prevents the interpenetration of monomers and cosolutes in conditions of strong inter-particle attractions. Assuming, just as in the simulations, that monomers and cosolutes have the same size, σ, this free energy is given by the Carnahan-Starling expression
where c n = N n /V n is the number density of monomers inside the network, φ n = πc n σ 3 /6 its packing fraction, and φ in c = πc in c σ 3 /6 is the packing fraction of cosolutes inside the network.
Finally, F int is the interaction free energy between monomers and cosolute particles. Up to second order in the virial expansion of the monomer and cosolute number densities (c n and c c ≡ c in c , respectively), it is given by
where B ij 2 is the second virial coefficient for LJ interactions. In the expression we substract the second virial coefficient for hard spheres (B ij 2,HS = 2πσ 3 /3), since this contribution has been already included in F HS . The second virial coefficients can be calculated numerically for the different combinations of interparticle interaction strengths nn , nc , for a fixed intercosolute interaction
To obtain the free energy of the bulk phase, F bulk , we proceed in the same way and assume the same approximations, but with cosolutes as the only component
where V bulk is the volume of the bulk phase. Note that in this case we use the concentration of cosolutes in the bulk reservoir in the free energy expression, c In order to compare with the simulation results, we assume that the contour length of the chains is l = N m σ = 5σ, and that the polymer network has a cubic structure. The network is composed by 125 cubic cells, each one with a volume R 3 . Since each cell has 3 chains (with 4 interconnected monomer beads each) and 1 cross-linker monomer, the total volume of the network may be expressed as V n = N ch R 3 /3, and the number density of network particles is c n = 13/R 3 . Following the morphology of the simulation box, we approximate in our theory V bulk ≈ 2V n for simplicity. Moreover, the total number of cosolute particles has been fixed in the theory to be N t = 576. Therefore, the resulting total free energy of the system is, for a given temperature, a function of two variables, F (N in c , V n ). In order to calculate the equilibrium swelling state of the gel network and the concentration of cosolutes absorbed inside we need to minimize the free energy against N where the factor of 3 in the last equation comes from the fact that the entire volume of the system is 3V n .
We use this model to determine the swelling behavior of the network for two different conditions of chain bending rigidities, namely flexible (
The phenomenological constant C in eq (7) for the flexible chains is C = 1, and the resulting swelling curve predicted by the mean-field theory is in very good agreement with the simulation result (for example, see Figure. 2) with no free fitting parameters. For semi-flexible chains, we use a fitted value of C = 3 at which yields the collapse transition around nn = 1 k B T as shown in Figure. 2(b), resulting in qualitative agreement of the theory with the simulation results.
III. RESULTS AND DISCUSSION
A. Cosolute-free networks
Volume transition
Before we present results on cosolute partitioning we briefly discuss the network properties for the cosolute-free reference systems. Figure 2 shows the mean network volume V n ( nn ) ≡ A( nn )d( nn ) , where A( nn ) is the area in the xy plane and d( nn ) is the thickness of the film, respectively. The mean volume is rescaled by V stiff n , the mean volume of a stiff and repulsive reference network with k b = 10 k B T and nn = 0.1 k B T . The mean volume exhibits dramatic changes with varying k b and nn . For nn = 0, the equilibrium volumes increase with k b , which can be readily understood by the larger stiffness of the network chains. As nn increases from zero (i.e., from perfectly ideal polymer to a good solvent state), V n substantially increases overall due to the excluded repulsion between the neighboring network beads. The larger the network bending rigidities the smaller the effect. As the effective interaction parameter nn further increases (moving towards a bad solvent), there are two opposing effects that result in two different trends depending on the chain rigidity: First, the attraction depth of the LJ interaction increases, but secondly also the excluded volume repulsion slightly increases with growing nn (since it is also a prefactor of the repulsive LJ term). For the less flexible chains (k b 2 k B T ), only little inter-bead interactions are present, mostly only bonded, nearestneighbor interactions. In this case, the excluded-volume effect dominates in our model and the network swells slightly. For the more flexible systems (k b 2 k B T ) there are more many-bead interactions and the overall increased attraction outweighs the steric exclusion, as expected for a simple LJ fluid.
More importantly, further increase of nn leads to a discontinuous collapse transition for semi-flexible and stiff chains (k b 2 k B T ). This abrupt drop-down of the polymer volume [39, 48] is correlated to the breakdown of the network structure. The critical attraction for the collapse increases from nn ≈ 0.6 to 2.6 k B T for the stiffest chains. For very large nn , all networks saturate almost to the same (closed-packed) limit around V n /V stiff n = 0.2. For the semi-flexible network film, where the collapse transition occurs around the transition point nn = 1 k B T (Figure 2) , the volume fluctuations are extremal around the transition point (see Figure S7 in SI), as qualitatively expected from experimental knowledge [26, 39] . The transition is continuous for the more flexible chains, as known from previous theories for polymer collapse transitions, either on a single chain level [80] or the network level using the Flory rubber elasticity [20] [21] [22] and combination of the bending energy and Flory-Huggins theory in the rod limit [23] . The transition behavior observed in the simulations can also be semi-quantitatively reproduced by the mean-field theory (without cosolutes), as shown in Figure 2(b) . In particular, the theory clearly shows the effect of the gel semi-flexibility on the sharp volume transition, i.e., as in the simulations the transition is continuous for the flexible chains, and becomes discontinuous for semi-flexible chains. This is in fact also consistent with experiments of PNIPAM networks whose volume transitions are discontinuous above a certain cross-linking degree which can not be described by simple Gaussian mean-field theories (like Flory-Huggins) and was ascribed to both flexibility and defect effects [81] . Our results suggest that solely a diminished flexibility is already sufficient to push a strongly cross-linked system to discontinuous volume transitions. 
Monomer packing fraction profiles
The collapse transition of the network is also clearly visible in the local packing fraction resolved in z, φ(z, nn ) = vc n (z, nn ), where v = πσ 3 /6 represents the volume of a single bead, and c n (z, nn ) is the local number density. In Figure 3 , φ(z) for the semiflexible and flexible network films is shown for various values of the solvent quality parameter nn , respectively. The packing fraction is overall transformed from a structured shape with salient multiple peaks into a predominant single broad peak, signifying the collapsed state after nn crosses the volume transition value. However, as discussed above, the flexible network (Figure 3(a) ) collapses rather continuously and maintains a characteristically ordered structure even up to nn = 1 k B T , whereas the semi-flexible network structure collapses abruptly (Figure 3(b) ), and a peak fluctuates around the center z = 0. Note that the integral over the profiles yields the monomer number density per area and is not a conserved quantity as the aspect ratio of the network (i.e., the ratio of the length in x or y to the width in z) depends on the flexibility and nn .
B. Networks including cosolutes
We now consider effects of interacting cosolute particles. Hence, in addition to the intrinsic solvent quality parameter nn , we now study the influence of varying the network-cosolute interactions given by nc , i.e., the cosolute coupling parameter. Figure 4 shows in the central panel (colored landscape) the mean film width d/σ of the semi-flexible network in dependence of both interaction parameters along with representative simulation snapshots. We now study the width instead of the total volume to distinguish better the effects on the aspect ratio of the network. We see that there are overall five regions and a critical line that characterizes the collapse transition. We classify these regions into "swollen", "collapsed", "cosolute-induced collapsed","cosolute-adsorbed collapsed", and "cosoluteinvolved collapsed" states, as depicted on the landscape. Hence, in addition to the intrinsic volume transition between the "swollen" (c) and the "collapsed" (f) states, on which the rapid color change from the red (swollen) region to the blue (collapsed) region is notable as yellow 'critical' line (b), we observe three new cosolute-related states.
Network-cosolute state diagram
Most importantly, we find cosolute-induced collapsed states (a), in which even in a good solvent condition, the network can undergo a sharp collapse transition triggered by the strong cosolute attraction to the monomers. The reason for this cosolute-induced collapse is a high energy gain of the system by bridging cosolutes located between multiple attracted monomers. The existence of those has been demonstrated before only for single chains by computer simulations and statistical theory [30, [82] [83] [84] [85] as well as experiments. [86] [87] [88] Evidently, this effect also plays a role in polymer networks.
In the "cosolute-involved" collapsed state (d), where the solvent quality ranges from nn ≈ 0.2 k B T to nn ≈ 1.6 k B T and the cosolute coupling is strong, nc > 1.8 k B T , the network is intrinsically in the collapsed regime but also embeds the attracted cosolutes. In this state, the gel volume becomes approximately two times larger than the collapsed volume in a bad solvent without cosolutes embedded. Finally, in the "cosolute-adsorbed collapsed" state (e), where both network-network and network-cosolute attractions are strong, the network is collapsed and cosolutes are attracted to the surface of the network but do not penetrate it. However, these two states "cosolute-involved collapsed" and "cosoluteadsorbed collapsed" are not clearly distinguishable as it is not well defined in which parameter region they are actually equilibrium states. Their exact stability regions may depend on the simulation history and could originate from kinetically trapped trajectories due to the strong attractions involved. The cosolute-involved collapsed state in a bad solvent ( nn = 1.2 kBT ) and very strong cosolute coupling ( nc = 2.6 kBT ) conditions. Due to the large attraction between the cosolutes and the network, the film width is larger than the other collapsed states. (e) The cosolute-adsorbed collapsed state in a very bad solvent ( nn = 2.8 kBT ) and strong cosolute coupling ( nc = 1.8 kBT ) conditions. The collapse transition is induced by high attraction between network particles, yielding the cosolute particle adsorption onto the network surfaces. (f) The collapsed structure in a bad solvent ( nn = 1.6 kBT ) and weak cosolute coupling ( nc = 0.2 kBT ).
Impact of cosolutes on the volume transition
In Figure 5 we plot the mean network volume V n ( nn , nc ) in a more quantitive representation for both flexible and semi-flexible models versus nn (for various nc ) or versus nc (for various nn ). For the flexible network, disregarding the jump when going from a non-interacting to interacting polymer at small nn 0.1 k B T , the volume decreases continuously without any sharp transition irrespective of the cosolute interaction, see panel (a). For fixed solvent quality, only in very good solvents, nn 0.2 k B T , the change with cosolute interaction is substantial, see panel (b), where large networkcosolute attractions strongly collapse the network. For poorer solvents the network is always collapsed without much change induced by the cosolutes. For the semiflexible network film, panels (e) and (f), the sharp volume transitions are recovered. The transition shifts to smaller network attractions nn for larger cosolute attraction, see panel (e). This is a signature of the cosolute-induced collapse we discussed above. The same signature can be found for good solvents in panel (f). We note that we also observe that the volume fluctuations of semi-flexible network films are maximized around the respective transition lines and that cosolute fluctuations inside the network are intimately coupled to them, see SI.
The features and trends reported in the simulations are also captured by the mean-field theory presented in eqs (5)- (11) . Figures 5(c) and (d) show, respectively, the network volume predicted by this theory as a function of nn and nc for flexible chains. We observe that, including non-interacting cosolutes in the system ( nc = 0) leads to the swelling of the network due to the ideal gas contribution to the pressure induced by the density of the non-interacting cosolutes, which has to be compensated by the expanded network to keep the overall pressure constant. This swelling is emphasized when we increase the cosolute-monomer repulsion ( nc ≈ 0.2 k B T ). A similar finding has been reported for the swelling of charged microgels in salty media when the excluded-volume repulsive interactions exerted by the polymer network are taken into consideration. [89] However, as soon as we increase nc beyond 0.6 k B T , the monomer-cosolute attraction leads to a progressive shrinking of the network for small values of nn . This is a clear evidence of the cosolute-induced collapse, by which a network in good solvent conditions (swollen) tends to collapse in the presence of very attractive cosolutes.
On the other hand, if we consider an already collapsed network in a bad solvent (moderate and large values of nn ), for relatively small values of nc the cosolutes tend to be excluded from the network, and so they are expected to surface-adsorb (although the theoretical model is not able to study the adsorption, it does predict the exclusion from the network). However, further enhancement of network-cosolute attraction leads finally to an increase of the network volume. In this case, the collapsed network is forced to swell to permit the strongly attractive cosolutes to diffuse inside. Figure 5 (d) provides a very instructive illustration of the role of the cosolute network interaction. Increasing nc leads first to an increase of the network volume. Indeed, for moderate attractions, the network swells to increase the contact surface exposed by the polymer chains allowing the attractive cosolutes to diffuse inside. However, if we increase more nc , the multiple contacts between monomers and cosolutes finally induce the network collapse with the cosolutes embedded inside; the so-called cosolute-involved collapse. This leads to the appearance of a maximum that, although is only weakly established in the simulations, it is in fact a known effect [30] .
Figures 5(g) and (h) depict again the swelling response of the polymer network but for semi-flexible chains. As observed, the simulation and theory swelling and transition trends with cosolutes are fully consistent. Indeed, the theory predicts a shift of the sharp volume transition to larger values of nn for effective cosolute-monomer repulsions. Then, by increasing nc above 0.3 k B T , the transition moves to smaller values of nn , indicating that the attractive cosolute is causing the cosolute-induced collapse. For nc 1.5 k B T the attraction is so strong that it is able to fully collapse the network even for good solvent conditions. Moreover, for moderate to large values of nn the theory also predicts the cosolute-involved collapse reported in the simulations for intense cosolutemonomer attractions.
Cosolute packing fraction profiles
The mean local packing fractions φ n (z) of the network particles and φ c (z) of the cosolutes are shown in Figure 6 , for the semi-flexible (red) and flexible (blue) network films. In this matrix representation, the network solvent quality decreases from top to bottom and the cosolute coupling increases from left to right. Hence, at the bottom we see signatures of more collapsed states, and moving to the right we see more cosolutes at or inside the network. Some details, however, are rather complex. For instance, a cosolute-induced collapse transition is found in (b)→(c) for the semi-flexible films, in contrast to the cosolute-induced transition for the flexible films: The transition (d)→(f) is rather a swelling transition where the cosolutes inside the flexible network strengthen the network structure. The latter effect is due to a collective adsorption of the cosolutes accumulating particularly at the network cross-linkers [90] , which in conjugation with the gel flexibility maintains the network structure. In the weak cosolute coupling regime, as shown in Figures 6(a) , (d) and (g), the cosolutes favor predominantly being outside the network film, throughout the entire collapse transition due to the change of the solvent quality. A combination of the bad solvent quality and the strong cosolute coupling, as shown in Figures 6(e) , (f), (h) and (i), enhances the cosolutes cumulation not only into the network film but also on the (5)- (12)), as a function of the solvent quality parameter nn for flexible networks (lp = 0.43σ, upper panels) and semi-flexible networks (lp = 6σ, bottom panels) is used.
interface between the film and the bulk, leading to a high surface adsorption effect.
Cosolute global partitioning
We finally investigate the cosolutes' global partitioning. It is computed using the definition
where the mean cosolute packing fraction inside the film is computed as φ in c = in dzφ c (z)/∆l in integrating over the width ∆l in of the film, and the mean cosolute packing fraction outside the network is computed as φ out c = out dzφ c (z)/(L z − ∆l in − 2l surf ) over the range outside the network. Here we subtract the surface effects on the cosolutes by carefully choosing the surface width l surf around the film-bulk interfaces, respectively depending on nn and nc (see Figures S4 and S5 in SI) . We note that we also computed the fluctuations of the local packing fractions ∆φ 2 n,c (z), i.e., the variance of φ n,c (z), to obtain partitioning fluctuations. (see Figure S6 in SI).
The partitioning K is related to the transfer free energy ∆G = −k B T ln K, a measure of the effective cosolutenetwork interaction. We show ∆G( nn , nc ) in Figures 7(a) and (c) . The partitioning depends not only on the cosolute coupling but also significantly on the solvent quality. The cosolute uptake is largely affected by the solvent quality, particularly when the film collapses in a bad solvent and with weak cosolute couplings. For the two different network film models, ∆G shows different shapes of the landscapes, reflecting significant role of the network flexibility. The transfer energy overall becomes attractive as the cosolute coupling increases, however, ∆G for the semi-flexible film has a large zero-energy region, particularly in the swollen zone (see Figure 4) , which is not seen in ∆G for the flexible films. The slow relaxation of the trapped cosolutes in the flexible network films at nn > 1.4 k B T in the weak cosolute coupling results in a strong cosolute trapping effect on ∆G with maximal repulsion. In this case, the flexible network collapses exceedingly faster than the cosolutes relaxation, thus the cosolutes are trapped in the collapsed network for a long time (beyond our total simulation time) before they are equilibrated by diffusing out of the network, i.e., crossing over the large barrier to an energy minimum. We depict this metastable parameter zone which gives rise to the strong cosolute trapping effect by a dashed line in Figure 7(a) . Note that the gel collapse transition can occur at both extrema of ∆G. Good agreement of the theoretical prediction with the simulation results is found. In general, the theoretical results confirm that increasing the network-cosolute attraction leads to an increase of the cosolute concentration, which corresponds to more negative adsorption energies for both, flexible and stiff networks. For the case of a polymer network in a bad solvent, the gel phase is already collapsed. In this particular situation, cosolutes are strongly excluded from the gel phase as they disrupt the attractive bonds between neighboring monomers. As a result of this, very large and positive transfer free energies are predicted in this regime, and only for relative large cosolutenetwork attractions (about nc 1 k B T ) the transger free energy becomes negative. This effect is also well captured by the mean-field theory, in accordance with the simulation data (see solid lines in Figures 7(b) and  (d) ). Moreover, in some cases the theory shows to be remarkably good, as it even provides quantitative agreement with the simulation results, especially for moderate inter-monomer attractions (see for instance that the model is able to capture the abrupt decrease of the free energy induced bt the cosolute attraction, achieved for semi-flexible networks in good solvent conditions).
IV. SUMMARY AND CONCLUDING REMARKS
In summary, we studied the partitioning of model cosolutes to a simple cubic polymer network film for a wide range of solvent qualities and interactions by using extensive coarse-grained computer simulations, with special focus on the influence of polymer flexibility and volume transitions. In addition, the computer simulation results were corroborated by the theoretical predictions for the network swelling and the cosolute partitioning obtained with a two-component mean-field approach that takes into account the chain flexibility, the excluded-volume effects and the role of the attractive interaction up to second order in the virial expansion. A sharp discontinuous collapse transition was found only in semi-flexible networks, in agreement with a newly developed meanfield theory. Our simulations and theory are generic in a sense that the interaction parameters nn and nc consider multiple combinations of effective interactions, going from repulsive to attractive pair interactions.
In the presence of cosolutes we then found a rich and nontrivial topology of equilibrium gel structural states and partitioning despite the simplicity of the models. In particular, the network film width revealed that there are overall five distinct states that characterize a measure of the collapse transition, and we categorized these states into "swollen", "collapsed", and "cosoluteinduced", "cosolute-involved", "cosolute-adsorbed" collapsed states. The "cosolute-induced" collapsed state is noteworthy, showing a collective manner of the network collapse transition which is induced by the cosolutes in the strong cosolute coupling, even in good solvents, and accompanied by maximal but finite collective fluctuations. In addition, the "cosolute-involved" collapsed state occurs in intermediate solvent conditions, and the "cosolute-adsorbed" collapsed state occurs in bad solvent conditions.
The global adsorption energy landscape computed via the cosolutes partitioning exhibits very different topologies on two different gel models, particularly showing the distinct swollen states in the semi-flexible gels. For the flexible gel system the collapse transition driven by bad solvents and weak cosolute couplings results in a very strong trapping of the cosolutes inside the gel, giving rise to metastable states. Finally, we compared the volume transition and transfer free energy with a theoretical model. By using the mean-field level virial expansion, we found a good qualitative agreement of the theory with the simulation results.
The coarse-grained model based on the simple cubic network [44, 45, [61] [62] [63] [64] entails further extension towards more realistic gel structures, e.g., multi-functional gels with random cross-linkings and defects. Quantifying the partitioning and fluctuations in those systems depending on structural properties such as polydispersity [50] , as well as their coupling to cosolute diffusion and permeability [16] , would be a fecund future work. With these extensions of simulations as well as predictive theory the future rational design and development of soft functional materials will be hopefully facilitated.
